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SUMMARY

The ash produced by incinerating combustible solid waste is
composed of fragile aggregates of small (<2 um diameter)
particles. The size of aggregates in an aercsol resulting from
this ash will depend mere on the circumstances causing the
aerosol than on the incineration of the waste to produce the ash.
Studies reported in the literature indicate that any aerosol left
undisturbed for a few minutes following its formation will
consist of particles having a geometric mean diameter ranging
from 0.4 to 1 um with an average geometric standard deviation of
2 due to coagulation and sedimentation.

Plutonium will be distributed throughout the ash as small
discrete concentrations. Thus, many of the smaller particles will
contain undetectable quantities of plutonium. The proportion of

those with plutonium to those without plutonium will depend on the
At concentrations of about 10 pCi/g, most particles >6 um in

diameter will contain plutonium, however, some plutonium present in

particles >20 um in diameter may not be detectable.
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When combustible solid waste is burned in an incinerator,
inorganic elements end up as ash. The elemental composition and,
to some extent, microscopic appearance of the ash will depend on
the incinerated material. If plutonium is present, it will also
become.part of the ash. A knowledge of the physical properties
and chemical composition of ash from the burning of solid waste

- 1. R

ning soluble plutonmium is essential to the evaluation of the

ontai
hazards from such an operation.

A standard mixture of combustible materials, characteristic
of solid waste, was spiked with soluble plutoniﬁm nitrate and
burned by the Solid Waste Technology Group. The properties of ash
particles produced by this operation were measured to support

their studies of solid waste combustion.

POTENTIAL AEROSOL FORMATION
The aerosocl resulting from a release of solid waste ash to
the environment must involve what happens to the ash after it is

released.

Ash Formation

The ash residue is composed of small particles, <2um in



of waste material. As the waste material is heated, volatile
organics evaporate and the material begins to darken as the
not-so-volatile organics begin to oxidize to carbon. At
temperatures above 500°C, the carbon oxidizes to carbon dioxide.
A lacy network of white inorganic ash, more or less coherent,
forms as the carbonaceous material oxidizes away. This network
may be recognizable as paper, cotton, or plastic ash because the
basic structure remains. Near 1000°C, the sintering point is
reached. The lacy network begins to collapse into white glassy
particles which may include gas bubbles. The composition of the
different ash materials is not the same, Thus, some of the
glasses may become fluid enough to release the trapped bubbles and
produce clear glassy spheres. If not agitated during this
process, the elemental compositions of the particles should
reflect those of the initial material.

The size of the sintered aggregates of ash particles released
to the environment will depend on the circumstances of the
release and the treatment of the ash before, during, and after the
release. Some apgregates may remain whole; others may be
pulverized into particles too small to bear any structural

information.

Aerosol Properties

When dispersed into the atmosphere, some particles, having
the proper size and density to produce an aerosol will remain
suspended. An aerosol is, by definition, & mixture of gases and

particles that exhibit some stability in a gravitational field(l).
-7 -



Aerosol particles are currently classified into three modes:
these with diameters <0.1 pm in the nuclei mode, those with
diameters between 0.l and 2.0 pm in the accumulation mode, and
those with diameters 2.0 um in the coarse mode (2). Particles in
the nuclei mode are formed in nature by the condensation of low
vapor pressure substances such as metallic vapors or partially
oxygenated aromatics. Particles of the nuclei mode (e.g. Aitken
nuclei) are transformed into particles of the accumulation mode by
either gas-particle or particle-particle interactions. Particle-
particle interactions or coagulation is governed by Brownian
diffusion and occurs very rapidly. At concentrations exceeding
108/cm3, aggregates of small primary particles are formed
within milliseconds. Because particle size distributions in
aerosols are rarely monodispersive, coagulation usually occurs
between unlike size particles.

Coarse particles arise primarily from mechanical processes,
both naturally (windblown dust, sea spray, etc.) and
anthropogenically (fly ash, comminutive processes, etc.). Most
coarse particles are emitted close to the earth's surface, where
they are removed by gravitational settling and washout before
being transported very far.

Particles in the accumulation mode are not strongly affected
by either coagulation or settling and are transported long distances
(about 103 km). The distribution of aped particles tends to be

unimodal, the nuclei mode particles having been removed by
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coagulation and the coarse particles by settling. Measured
distributions of aged particles have a geometric mean size by
volume or mass ranging from 0.4 to 1 um, with an average geometric
standard deviation of 2 (3 and 4&4).

Thus should solid waste ash aggregates be released and broken
and its particles dispersed into the environment, within minutes,
the smaller particles will coagulate with each other and other
particles in the atmosphere and the larger particles will settle
out due ro the influence of grévity. Only those in the
accumulation mode, between 0.4 and 1 um in diameter, will remain

in the resulting aerosol.

COMPOSITION OF COMBUSTIBLE SOLID WASTE AND ITS ASH

The amount of plutonium in each ash particle was determined
by observing fission-fragment tracks produced by it in a
polycarbonate film. The probable source of selected particles was
appraised by their microscopic appearance under a scanning
electron microscope and elemental composition determined by X-ray
energy spectrometry. To do this some information about the

composition of the waste and its ash was needed.

The Waste Composite

Solid combustible waste from plutonium facilities consists of
an indeterminable mixture of objects made of paper, plastics,
rubbers, cotton, and adhesives. To simulate a representative
sample of such waste, five components, listed in Table 1 with the

weight percents of the mixture, were shredded and mixed.
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components were made by spark source mass spectrometry {5). Ten-
gram batches of waste from each component, except the polyethylene
bags, were weighed into a 250-mL porcelain crucible. The samples
were pyrolyzed in air using a Meeker burner. The crucibles were
placed in a preheated muffle furnace and maintained at 1000°C for

one hour. To provide sufficient ash from polyethylene bags, a

LY o Pl L lalll Lisils £ 3

100-g batch was weighed into a porcelain dish.
the residue from the polyethylene bags was transferred to a
crucible before being placed in a muffle furnace. This procedure
produces ashes which are light, very fragile aggregates of very
small particles (<2 pum in diameter). The size of these aggregates
depends on how the ash is handled.

The ash from the cellulose, latex, and polvethylene components
represented less than 1.5% of the total weight of the uncombusted
material. The ash from the polyvinyl chloride shoe covers and
neoprene gloves represented between 8 and 107 of the weight of the
initial materizl and thus would be expected to contribute most of
the ash material.

Elemental analysis of the ash from each of the separate
components was made by spark source mass spectrometry. The
results of these analyses are given in Table 2. <Calcium
concentrations were found in the ash from only three components:

in the cellulose component from calcium hypochlorite used to



bleach the cotton, in the polyvinvl chloride component from calcium
sterate used as a stabilizer,‘and in the latex component from
calcium used as a reinforcing agent. Titanium concentrations were
found in the ash from only twe of the three components containing
calcium: In the cellulose component from titaium dioxide used as a
filler in the paper in atomic wipes, and in the polyvinyl chloride
component from the white colorant and ultraviolet stabilizer in the
shoe covers. Iron concentrations were found in the ash from only
the cellulose and polyethylene components. Zinc concentrations
were found in only the ash from the latex and neoprene components.
In the ash from the polyethylene bags, high concentrations of
silicon were found from the silica gel catalyst substrate used to
manufacture polyethyiene. Ash from the neoprene component
contained high concentrations of magnesium due to Mg(® used as an
accelerator to increase the rate of wvulcanization. From this
information a key, given in Figure 1, was developed to identify the

source of individual isolated particles of ash.

Test Analyses of the Ash

To see if the source of ash particles could be identified by
X-ray energy spectrometry, ash aggregates were taken from each of
the different components. These aggregates were crushed on
pyrolytic graphite planchets. The resulting particlés were then
phetographed using the scanning electron microscope and their

elemental composition determined by x-ray energy spectrometry.
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The elemental composition of particles of ash from the
cellulose component varied considerably from one particle to the
nexi as well as from the composition found by spark source mass
spectrometry. Figure 2 shows three magnifications of cellulose
component ash and the five particles selected for analysis.
Figure 3 is a picture of a 5 um diameter particle (particle a in
Figure 2}, Below the picture is an X-ray energy spectrum showing
a high concentration of silicon. From this and its iron peak,
this particle might be considered to be ash from polyethylene if

A A h o +
a
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present. et, t
present to classify it as ash from the cellulose component. The
top particle in Figure 4 is almost entirely iron. Particles below
it have high silicon concentration and less iron. Calcium is not
observed except in the bottom particle, Atomic wipes contain a
layer of polyethylene and this group of particles may have come
from this layer rather than the cellulose of the cotton and paper
present,

The elements found in polyvinyl chloride ash were more
unti formly distributed and correspond to those found by spark
source mass spectrometry. Figure 5 shows two magnifications of
ash from polyvinyl chloride shoe covers and the X-ray energy
spectrum from one particle showing that it was composed
principally of calcium and titanium and that no iron was present.

Figure 6 shows two higher magnifications of the same ash. The

spectrum of a particle near the outer boundary of particles

- 12 -



indicates that it also contains calcium and titanium and no irom.
The spectra above the pictures are these of the background among
the particles and beyond the boundary.

The key developed from spark source mass spectrometry can
also be used to identify ash from latex gloves. The top two
pictures in Figure 7 are different magnifications of ash from
latex gloves. The bottom pictures are still higher m#gnifications
of areas marked by the two small squares in the upper right
picture. The larger square i1s the area covered in Figure 8, With

tha
1
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boundary in Figure 8, all agree with the elemental compositions
found by spark source mass spectrometry.

Figqre 9 shows three magnifications of ash from polyethylene
bags. The elemental composition of the ash from polyethylene,
like that from cellulose, is not uniform and does not match what
was found from spark source mass spectrometry. The bottom square
in Figure 9 is covered in Figure 10.
particles amalyzed. in this figure show major silicon peaks, three
also contaln titanium, two contain a trace of zinc, and one
contains calcium, which makes its elemental composition resemble
that of cellulose ash. Figure 11 covers the area of the small
square in Figure 9. In this figure, one particle contains a high
titanium concentration. The other is a siliceous diatom frustule,
Diatoms are a cheap and inert filler for plastics. Although
milled for this use to fine fragments, the characteristic shape is

still apparent.
- 13 -



Ash particles from the combustion of neoprene, like those

from polyvinyl chloride and latex, are uniform as to their

high magnesium concentration, Figures 12 and 13 show ash from
incinerated neoprene gloves at various magnifications. All
analyses but one show high magnesium and silicon concentrations.
One particle contained sufficient aluminum to mask the magnesium.
Thus, measurements using ash from individual components

indicate that the ash from polyvinyl chloride shoe covers, latex
ne gloves can be identified from their x-ray
energy spectra. Ash from atomic wipes and polyethylene bags

cannot be distinguished with certainty by their elemental

analyses.

PLUTONIUM DISTRIBUTION IN ASH
To see how plutonoum is distributed in ash from incinerated
solid waste, plutonium was added to a sample of the standard
mixture., The sample was incinerated, the ash crushed, and ash
particles with and‘without fission-fragment tracks were separated,

oo
L8 Source o

spectrometry.

Sample Preparation

Two microcuries of 239Pu(N03)4 in IM HNO3 was added
to 5 g of the standard mixture, described in Table 1, to simulate
combustible solid waste. This sample was pyrolyzed in air and

ignited for one hour at 1000°C as the individual components had

- 14 -



been done earlier. A l-mm diameter aggregate of this ash was
placéd in a 1-mL Thomas tissue grinder with a Teflon pestle. The
aggregate was ground in 1 mL of 40% (v/v) 1,2-dichlorcethane in
dichloromethane solution. Polycarbonate was added to the solution
and the solution was evaporated on a 50-mm square glass plate to

form a clear polycarbonate film containing the particles. The

cast film was irradiated with a measured thermal neutron fluence
in the order of 9 x 10l%4 neutrons/em?. Fission fragments
produced tracks when the film was etched for !0 minutes in 6N NaOH

at 52°-55°C (6-9) which radiated from imbedded particles

containing plutonium.

Particle Selection and Mounting

About 607% of the particles produced fission fragment tracks
in the polycarbonate £ilm, indicating that they contained

239y, The other 40% produced no tracks.

Eleven particles producing fission-
particles having no tracks were photographed using a light
microscope, excised from the film, and mounted on a pyrolytic
graphite planchet. Excess polycarbonate film was dissolved and
removed from around the particles using 1,2-dichloroethane. Each

particle was then photographed using a scanning electron

microscopy

Particle Identification

The elemental composition of each particle was determined by

X-ray energy spec his information used to identify
the component of the standard mixture which produced it.
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The X~ray energy spectra for these particles are given in
Figures 14 and 15 along with photographs taken of the particles
with light and scanning electron microscopes. To aid in comparing
the results, the background was subtracted from the height of each
peak and the sum of the resulting heights was normalized to 100.
From the relative abundance of the elements present in each ash
particle, the most likely component producing the ash was selected
using the key given in Figure 1. The elemental composition of
each particle of ash and the component of the waste from which it

appears to have originated are given in Tables 3 and 4.

Plutonium Content

The apparent plutonium content of each particlg was measured
by counting the number of fission-fragment tracks surrounding it.
From past experience (8), one fCi (1013 ¢i) of low-irradiation
plutonium_containing 94% 239Py should produce about 26.5
fission fragment tracks when exposed to a fluence of 9 x 1014
thermal neutrons per cm?. Thus, the number of £Ci in each
particle was determined by dividing the number of fission fragment

tracks by 26.5.

Particle Size and Weight

The conventional method of using particle diameter to
determine volume and mass could not be used with these ash
aggregates, for what initially was selected as a2 single, almost

spherical particle broke apart during processing to produce many
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smaller irregular shaped particles having a smaller total volume
than the original aggregate. This can be seen in Figures 14
and 15 where closely packed aggregates pictured in the
polycarbonate film appear as disordered clusters after the
polycarbonate has been removed.

The volume of the initial particle was therefore approximated
by the total volume of ellipsoids having similar dimensions as its

n pieces, or

<
]
L E]

n
> A.B.C.
i=1

where Aj, Bj, and Cj; are the lengths of the axes of the ith
piece in pm. Most of the pieces were considered to be prolate
spheroids (A >B=C), although some were oblate spheroids (A=B <C)’
and spheres (A=B=C),

The mass of the particles was calculated assuming the density
of incinerator ash to be 2.4 g/em3 = 2.4 pg/umd (10),

The specific activity in Ci/g was then calculated by taking
the ratio of thé activity to the mass or

) £Ci
SpA. (uCi/g) = == . 103
pA. (uCi/g s

For comparison, an effective radius, r, for each particie
was calculated from the total volume assuming the particle to be

a sphere or

AL
Fo T
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In Table 5

the particles are arranged accordin

s 13

o tn
g Lo

increasing effective radii and the calculated mass, plutonium

activity, and specific activity for each given.

DISCUSSION

Before the data were c¢ritically analyzed, the plutonium
appeared to be unevenly distributed with about 40% of the
particles containing none. From the component source of each
particle, as determined from elemental analysis, the soluble
plutonium appeared to be absorbed on porous materials like

cellulose (Table 2) and to be re us materials

like polyethylene (Table 4). Thus, the plutonium was uniformly
distributed at the particle level but nonuniformly distributed as
the sample level,. |

However, the arrangement of the data in Table 5 may provide
a more plausible explanation. In this table, the specific
activity of plutonium appears to decrease with an increasing
effective radius. This could result from the plutonium being
nonuni formly distributed at the particle level.

Ratcoff et al.(11) give the range of fission fragments from
23%y in air at 15°C and 760 mm Hg of between 1.8 and 2.7 ¢m
depending on the mass number of the fragment with 2.5 cm for the
most probable light mass and 1.9 cm for the most probable heavy
mass. The ranges for fission fragments in polycarbonate, quartz,

and Pulj calculated using the Bragg-Kleeman Rule are given in

Table 6. Here the maximum range of a fission fragment in quartz
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is 13.7 pm. Thus, a polyethylen

g 3 radius
ym g 5

S LaCliyd

I

greater than 13.7 pum would not be expected to produce fission
fragment tracks from plutonium located in its center. In Table 5
none of the 12 particles selected as not having tracks have
effective radii less than 7.0 um and 9 of 12 have radii greater
than 11 pm.

The specific activity of the smaller particles also appear to
be what would be expected if the plutonium were uniformly dis-
tributed. Assuming that 10% of the weight of polyvinyl chloride
and neoprene and 1.5% of cellulose, polyethylene, and latex is
ash, the éverall ash concentration of simulated combustible waste
would be 4.4% if the components are proportioned according to the
distribution given in Table 1. Thus, 5 g of the standard mixture
will yield 0.22 g of ash. Two puCli of plutonium added to this
sample would result in a specific activity of 9.1 uCi/g of ash.
The.specific activities given in Table 5 approach this value for
only the smaller particles. As the effective radii increase the
specific activity decreases. The one exception to this relation-
ship occurred with particle number P-10 in Figure l4d. This
polycarbonate film and produced fission- fragment tracks over
100 pm from the particle.

This phenomenon can be explained geometrically by considering
the plutonium to be a point source radiating fission-fragment

tracks in all directions in an essentially infinite polycarbonate
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medium. If the tracks form a s
the particle containing the plutonium will obscure some of the
tracks. The fraction of the total number of tracks which will be
counted, £, can be approximated by the ratio of the area of the
zone of the sphere which can be seen to the total area of the

sphere or

27Rh h
£ 4T R
where h = the altitude of the zone, and
R = the range of the tracks,

The altitude of the zone can be related to the range of the tracks
and the radius of the particle, r, by

h o= 2(rR2-r2)1/2,

Thus, as the radius of the particle approaches the range of the
tracks, the fraction of the tracks observed approaches zero.

If the medium is not infinite and the point source of
plutonium is a distance, d, above the polycarbonate surface, the
altitude of the zone 1is

h = (R2-r2)1/2 - a.

If the medium is air above the polycarbonate rather than the

polycarbonate itself, then R>>r and R>>d. Under these conditions,
h =R and £ = 1/2. Thus, the specific activity for this particle
was calculated assuming that only half the fission—fragment tracts

were counted.
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To see h

10w weall the

observatiens fit the data, the range of the tracks were calculated
from the ratio of the observed specific activity to 11.7 Ci/g, the
specific activity calculated for particle number P-10, using the
effective particle radius. These calculated values, which range
from 4.5 to 9.6 um are given in Table 5.

The specific activity for those particles with tracks being
a whole, supports the concept that the plutonium is distributed
throughout the ash. The large particles, selected because they
did not produce tracks, probably contained plutonium in locations
where tracks could not be observed. There were large particles
which produced tracks, which were not selected for analysis.

The plutonium was not distributed homogeneously in the ash,
but as very small discrete concentrations. This concept is

supported by the geometry of the track configurations and the fact

that most small (<] pm diameter) particles contained no plutonium.
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_gz_

ELEMENT

Mo
AL
S1
P

Ca
T1
FE
IN
Ba

TOTAL

*WEIGHT PERCENT OF ALL ELEMENTS CONSTITUTING
CARBON,

TABLE 2

COMPOSITION* OF ASH FROM INDIVIDUAL WASTE COMPONENTS BY
SPARK-SOURCE MASS SPECTROMETRY

CELLULOSE POLYVINYL LATEX POLY-
ATOMIC CHLORIDE RUBBER ETHYLENE
WIPES SHOE COVERS GLOVES BAGS
U3 i 4]
g -
b 32 79
- 5 i -
24 39 17 -
3 35 - -
12 - - -8
- . 6 -
- y) - -
96 99 96 97

OXYGEN, AND NITROGEN.

1 WT % OF THE ASH EXCLUDING

NEOPRENE
GLOVES

76
13
9

100




TABLE 3. ELEMENTAL COMPOSITION OF PARTICLES WITH FISSION FRAGMENT TRACKS

_vz_

PARTICLE

p-1
p-2
p-3
p-14
P-5
P-6
p-7
P-8
P-9
P-10
P-11

M

15
19

AL

.

S

10
19
19

Ca

4
19
13
41
45

T1

35
15
22
52
50

Fe

3
2
2

CL

COMPONENT

CELLULOSE
CELLULOSE
CELLULOSE
PoLyvinyL CHLORIDE
PoLyvinyL CHLORIDE
PoLyvinyL CHLORIDE

Paivuinvs i npine
FTOULYVINYL UuniLORIDE

PoLyvINYL CHLORIDE

PoLYVINYL CHLORIDE
PoLYVINYL CHLORIDE
LATEX




..SZ-.

TABLE 4,

PARTICLE

S-1
S-2
S-3
S-4
S-5
S-6
S-7
S-38
S-9
S-10
S-11
S-12

ELEMENTAL COMPOSITION OF PARTICLES WITHOUT FISSION FRAGMENT TRACKS

M

23
25

30

12
28

Si

72
75
70

12

1

33
69

45
49
41
47
54
20

55
39
59
52
46

100
91

COMPONENT

POLYETHYLENE
POLYETHYLENE
POLYETHYLENE
PoLyvInNYL CHLORIDE
PoLyviNYL CHLORIDE
PoLyvinyL CHLORIDE
PoLyvinvyL CHLORIDE
PoLyvinYL CHLORIDE
PoLyvinyL CHLORIDE
POLYETHYLENE
UNCERTAIN
UNCERTAIN




TABLE 5

The Weight and Plutonium Content of Twenty-three

Particles of Combustible Waste Ash

Particle  Effective Specific Track

Number Fadius Component Weight  Aetivity Activity Range
(um) (mg) (fCi) (uCi/g) (mJ

P-5 3.1 PVC 0.3 3.4 11.0 9.1

p-1 3.2 Cellulose 0.3 2.8 8.5 4.7

p-11 4.2 Latex 0.7 3.0 4.2 4.5

P-6 4.5 PVC ¢.9 2.7 3.2 4.7

P-4 4.6 PVC 1.0 2.4 2.4 4.7

p-7 5.5 PVC 1.7 6.6 3.8 5.8

P.2 6.3 Cellulose 2.5 4.5 1.8 6.4

P-10 6.6 PVC 2.9 34.4 11.7%

P-3 6.8 Cellulose 3.2 5.7 1.8 6.9

5-11 7.0 Uncertain 3.5

5-7 7.0 PVC 3.5

p-8 8.5 PVC 6.2 7.2 1.2 8.5

§5-12 9.4 " Uncertain 8.5

P-9 9.6 “PVC 8.8 7.5 0.9 9.6

S-8 11.9 PVC 14.7

5-1 12,1 Polyethylene 17.9

5-2 12.9 Polyethylene 21.4

5-3 14.0 Polyethylene 27.4

S-10 14.0 Polyethylene 27.6

S-6 17.5 PVC 55.2

S-5 21.4 pPVC 98.0

5-4 22.4 PVC 112.4

5-9 26.0 PVC 176.9
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TABLE 6

The Range of Fission Fragments in Air,
Polycarbonate, Quartz, and Pul,

Heavy Light
Media Mass Mass
Air (mm) 19.4 24.8
Polycarbonate (rm) 12.9 16.5
Quartz (pm) 10.7 13.7
Pul, (um) 4.3 5.5
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FIGURE 1. KEY FOR THE IDENTIFICATION OF A
COMBUSTIBLE WASTE COMPONENT FROM THE ELEMENTAL

COMPOSITION OF ITS ASH,
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Figure 2. Incinerator ash from cellulose atomic wipes
magnified 100X, 200X, and 500X showing loca-

tion of XES analyses.
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Figure 3. Fragment a of incinerator ash from
cellulose atomic wipes magnified 5000X.



Figure 4. Fragments b, c, d,
of incinerator ash
from cellulose atomic

wipes magnified 5000X.

] ecH 8EV 7483 LINHY
FS= 280 KEVEX-RAY HE= 2BEU/CH

BEU' . 6999 INT
KEUEX~RAY H$» 28EV/CH

e ecn 9EV €898 1K7 | e ' | .

F8= 208  KEVEX-RAY HS= 2050?0%}
|-

H

BEY 8585 INT
® 200  KEVEX-RAY HS= 20EV.CH

e = Mg, Si, Ca



‘8. ecH - @EY 8893 INT
FS= 280  KEVEX-RAY HS= 20Ey.cH

$i, Ca, Ti

NFigure 5, Incinéragoﬁ ash from poiyviny]
chloride shoe covers magnified
100X and 500X.
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Incinerator. ash from
polyethylene bags
maanified 50X, 100X,
and 200X.

- 36 -



g e ecH BEV 7443 INT @ - BEV 4434
FS= 208  KEUVEX-RAY HS= 28pu.cy B KEVEX-RA

INT ]
¥ HS= 28EY-CH

@  ecH BEV 9555 INTI & - 8EV - 5769 INT
FS= 200  KEUEX-RAY. HSs 20EU.CH -RAY _H$= 20EV/CH

Si, Ca, Ti, Fe . 5i, K, Ti, Zn

Figure 10. Incinerator ash from polyethylene
bags magnified 500X,
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